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I Bucket l i f t .  
A FFAG a c c e l e r a t o r  can accommodate a t  one time p a r t i c l e s  
c i r c u l a t i n g  a t  a l l  ene rg ies  between the  i n j e c t o r  and output 
energies .  I n  a synchrotron p a r t i c l e s  of var ious  energies  
c i r c u l a t e  with var ious  corresponding frequencies .  I f  a 
r a d i o  frequency vol tage i s  appl ied  t o  an a c c e l e r a t o r  gap, then 
i n  the neighborhood of each energy f o r  which t h e  frequency of 
r evo lu t ion  of the  p a r t i c l e s  i s  equal  t o  the r a d i o  frequency 
o r  any of i t s  subharmonics, the re  l a  a reg ion  of p a r t i c l e  
energies  and phases ('bucket") wi th in  which p a r t i c l e s  execute 
s t a b l e  phase o s c i l l a t i o n s  around the  synchronous energies .  
If the  r a d i o  frequency i s  modulated, 'buckets' move up o r  
r- down the  energy s c a l e .  Under s u i t a b l e  condi t ions  p a r t i c l e s  
i n  any of the  buckets can be acce le ra ted  by t h i s  system. Thus 
i t  i s  poss ib le  t o  a c c e l e r a t e  a number of buckets  of p a r t i c l e s  
a t  a number of d i f f e r e n t  ene rg ies  simultaneously, with e 
s ing le  a c c e l e r a t o r  frequency, As the  frequency i s  modulated, 
each bucket can be f i l l e d  by the  i n j e c t o r  when the  energy 
corresponding t o  t h a t  bucket co inc ides  with the  i n j e c t o r  
energy* There a r e  two genera l  bucket schemes. 
l a .  Scheduled bucket l i f t s .  
I n  t h i s  case  the  r a d i o  frequency i s  modulated from a 
frequency f l  t o  a frequency f2  i n  such a way t h a t  the  buckets 
c a r r y  p a r t i c l e s  t o  inc reas ing  energy during the modulation cycle.  
The f r e w e n c y  i s  then  changed back t o  f l  and the cycle repeated,  
/' 
The frequency f l  and f 2  a r e  s o  chosen t h a t  t h e  buckets 
r' corresponding t o  f l  coincide i n  energy a s  nea r ly  a s  poss ib le  
with the  buckets corresponding t o  frequency f2. Thus, f o r  ex- 
ample, i f  f 2  SI 2fl  a bucket a t  the  h order  subharmonic of f l  
w i l l  have the  same energy a s  a bucket of the  2 h order  subhar- 
monic f 2 ,  I f  the f requencies  f l  and f2  a r e  proper ly  chosen, 
a p a r t i c l e  mag be s e c e l e r e t e d  dur ing  many successive r a d i o  
frequency cyc les  by being pushed up a t  the  beginning of each 
cycle  by a bucket which coincidee i n  energy with t h e  f i n a l  
energy of the  bucket i n  which the  p a r t i c l e s  were c a r r i e d  on 
the  previous cycles .  
l b .  Nonscheduled bucket l i f t .  
I n  t h i s  case ,  the  f requencies  f l ,  f 2  above, have no 
p a r t i c u l a r  r e l e t i o n  t o  each o the r  o r  they  may even vary from 
4 r 
cycle  t o  cycle.  P a r t i c l e s  which happen t o  land i n  a bucket 
a t  t h e  beginning of a cycle  a r e  c a r r i e d  up i n  energy and l e f t  
a t  a h igher  energy a t  t h e  end of t h a t  cyc le ,  P a r t i c l e s  n o t  i n  
buckets a re  d isp laced  i n  energies ,  on the average downward, by 
the  a c t i o n  of t h e  r a d i o  frequency vol tage  during the  cycle ,  
Thus, each p a r t i c l e  executes  a random walk i n  energies  sometimes 
increas ing  and sometimes decreasing i ts  energiea  u n t i l  it  
reaches the  output  energy o r  i s  l o s t  by collision with t h e  
i n j e c t o r ,  with the  wa l l s  of the  donut, o r  wi th  a gas  molecule. 
Various p a r t i a l  schemes a re  a l s o  poss ib le .  
I1 Stacking Schemes, 
P a r t i c l e s  may be s e c e l e r a t e d  by a r a d i o  frequency cycle  a6 
7 described above, u n t i l  they reach an energy E2 which corresponds 
t o  the  f i n a l  frequency f 2  of the  r a d i o  frequency vol tage.  On 
, . 
successive cycles buckets f u l l  of p a r t i c l e s  a re  deposited < 
a t  the energy E2. The p a r t i c l e s  a l ready there  a r e  displaced 
by successive buckets, on the average downward i n  energy, t o  
make room i n  phase space according t o  L iouv i l l e l s  theorem 
f o r  the newly a r r iv ing  pa r t i c l e s .  When a su i t ab l e  number of 
buckets of p a r t i c l e s  have been stacked near the  energy E2, a 
second radio  frequency acce le ra to r  may acce le ra te  the p a r t i c l e s  
on t o  a new energy E3. If the  bucket s i ze  f o r  t h e  second cycle 
i s  n times the bucket s i ze  f o r  the f i r s t  cycle,  then n buokets 
can be stacked a t  E2 during the f i r s t  cycle* These can then be 
picked up i n  a f i n a l  bucket and ca r r i ed  t o  E3 i n  a s ing le  cycle 
of the  second type. The advantage of t h i s  system i s  t h a t  the  
radio frequency 1s schedule can be chosen in  the most e f f i c i e n t  
F way t o  c a p i t a l i z e  upon the bucket s i z e  va. energy r e l a t i o n  
which i n  t u rn  depends upon the frequency of revolut ion vs. energy 
curve, Thus usual ly  dn, w h e r e f i i s  the f remency of revolut ion,  
a 
decreases with energy. This has  two consequences: 
1. Fpr a given radio  frequency voltage,  the bucket s i z e  
increases  with energJ and, hence, i n  the usual acce le ra to r  
schemes the  buckets a r e  near ly  empty when they a r r i ve  a t  
the t r a n s i t i o n  energy, but by stacking a t  intermediate 
energies t h i s  can be corrected. 
20 Far a given r ad io  frequency voltage,  the allowable r a t e  
of frequency modu&ation noticeably decreases and hence 
the r e p e t i t i o n  r a t e  i s  l i n i t e d ,  By stacking,  one can 
use a higher r e p e t i t i o n  r a t e  with small buckets a t  lower 
r- energies;  and a smaller r e p e t i t i o n  r a t e  a t  bigher  energies,  
but  with l a r g e r  buckets so t ha t  the output current  corre-  
sponds t o  the t o t a l  in jec ted  current  a t  the  higher reps-- 
/- 3. One might f i n d  tha t  the  extent  of frequency modulation 
required during any modulation cycle i s  reduced. 
I11 Phase Displacement Scheme8 
These a r e  based on the  observation- t h a t  p a r t i c l e s  a re  
accelerated i f  subject  t o  a rad io  frequency gap which i s  i n i -  
t i a l l y  a t  a frequency corresponding to  an energy higher than 
t h a t  of the p a r t i c l e s ,  and then the o s c i l l a t o r  frequency i s  
modulated t o  a frequency corresponding t o  an  energy lower then 
t h a t  of the p a r t i c l e s .  H6te t h a t  in  t h i s  scheme the  frequency 
i s  modulated i n  jus t  the  reverse  d i reo t ion  from t h a t  used i n  
the bucket l i f t .  The mechanism may be r e a d i l y  understood, 
f o r  the o s c i l l a t o r  c a r r i e s  v i r t u a l  p a r t i c l e s  down i n  energy, and 
thus by L iouv i l l e t s  Theorem must force  r e a l  p a r t i c l e s  upward 
i n  energy. 
One can r ead i ly  develop a hydrodynamic theory which can be 
made t o  include the  e f f e c t  of the  va r i a t i on  of bucket s i ze  with 
energy, r a t e  of modulation, and cav i ty  voltage;  a s  well a s  the  
p o s s i b i l i t y  of both carrying p a r t i c l e s  i n  the buckets, a s  well  
a s  phase displacing those p e r t i c l e s  not  i n  buckets. 
I n  general,  s ince  the  cur ren t  accelera ted  by phase displace- 
ment equal the v i r t u a l  cur ren t  ca r r i ed  down by the  o s c i l l a t o r ,  
phase displacement and bucket l i f t s  a r e  about equal ly  e f f i c i e n t .  
The methods vary i n  the  length  of time necessary f o r  t r a n s i t  
of a given energy in t e rna l  by any s ingle  p a r t i c l e ,  and a s  such 
each scheme has d i s t i n c t  advantages o r  disadvantageso I t  ahould 
be c l e a r  t ha t  the  carrying of p a r t i c l e s  i n  buckets, and the 
phase displaoement of p a r t i c l e s  not  i n  buckets i s  complimentary. Tr For any proposed scheme involving p a r t i c l e s  i n  buckets, one can 
envision a complimentary scheme involving phase displacementp 
which i s  equally e f f i c i e n t  i f  l o s s  of p a r t i c l e s  t o  the walls,  
i n j ec to r ,  o r  gas s ca t t e r i ng  i s  neglected. 
Jue t  a s  i n  the  bucket l i f t ,  one may have scheduled o r  
unscheduled programs. I n  pa r t i ou l a r ,  one oan envision the use 
of many unphased oscillators, a l l  modulating i n  frequency suoh 
a s  t o  cont inual ly  phase d isplace  p a r t i a l e s  upward i n  energy. 


